ditions of the living animal, hoping that these measurements will eventually describe the mechanism of regulation when function becomes better understood.
A potential difference across the membrane is a characteristic property of excitable tissues, and a prerequisite for normal electrical excitability (Hodgldn, 1951) . Small changes in membrane potential brought about by changes in the [K] 0 effectively modify the functional properties of the estrogen-dominated uterus (Csapo, 1956 a, b, c) . Therefore, it appears rewarding to study the effects of estrogen and progesterone on the membrane potential of the myometrial cell, because these effects may account for the observed changes following hormone treatment, in the excitability, spontaneous activity, pharmacological reactivity, and mechanical response of the uterus (Reynolds, 1949; Csapo, 1955 Csapo, a, b, c, 1959 .
In his pioneering work, Bozler (1948) noted that spontaneous activity and electrical excitability of the uterus evolve as a result of estrogen treatment. The presently observed effect of estrogen on the membrane potential offers a plausible explanation for this finding. The understanding of smooth muscles was greatly improved when Bfilbring (1954 Bfilbring ( , 1955 , Woodbury and McIntyre (1954, 1956) , and Greven (1953 Greven ( , 1954 impaled single cells with microelectrodes. The flexible microelectrodes of Woodbury and Brady (1956) were successfully used for recording action potentials with overshoot in the pregnant rat uterus in situ, as well as in vitro (West and Landa, 1956 ). Their observations support the notion that the basic mechanism of excitation is similar in a variety of tissues.
The quantitative picture of membrane (and action) potentials of the uterus, however, is not fully satisfactory because the recorded values are rather low and of considerable scatter. It is uncertain whether true values are recorded or whether the great technical difficulties involved in these measurements are reflected by the irregular results.
Our confidence in the present data, confirming a preliminary report (Goto and Csapo, 1958) , is based on the sizable number of animals used (34), all in well defined endocrine conditions; on the large number (more than 1,000) of successful impalements; on the relatively small scatter of the recorded values, whether obtained in the same uterus or in uteri of a group of animals in the same endocrine condition; and finally on the relatively high values obtained.
Material and M e t h o d s
New Zealand White rabbits were used exclusively, 24 during pregnancy or after delivery, and 10 immature animals treated with crystalline steroids. The uteri were always taken from animals whose date of pregnancy or hormone treatment was carefully noted.
The uterus was removed from the rabbit under anesthesia with pentobarbital sodium (40 mg./kg, body weight, intravenously) after quick laparotomy, and was placed in oxygenated mammalian Krebs' solution at room temperature (22-25°C.). Strips about 5 ram. wide and 5 cm. long were cut from the uterine horn. The location of the placenta was carefully noted if the animal was pregnant.
The uterine strip was mounted on a paraffin block by pinning it with its serosal surface upward. The tissue, thus partly immobilized, was immersed in a lucite chamber filled with oxygenated mammalian Krebs' solution. The microelectrodes were about 1 cm. long, made from glass capillaries (inside diameter = 1.2 ram.) with tips less than 0.5 micron wide, and filled with 3 ~ KCI by the alcohol method of Tasaki et al. (1954) . The resistance of the microelectrode was 20 to 30 megohms. Its upper end was mounted (with Duco cement) on a tungsten wire 3 cm. long and 25 microns in diameter, thus insuring flexibility.
Micromanipulator
The impalement was controlled by a micromanipulator (Leitz, Germany), and the movements of the microeleetrodes were observed through a dissecting microscope at a 200-fold magnification. The membrane potential was recorded on an oscilloscope (Tetronix, type 535) with a high gain calibrated D.C. amplifier, receiving the signal from the tissue through a cathode follower (input impedance = 10z°~). The signals were photographed by a Grass motion picture camera (model B4-E). Penetration was considered satisfactory when the deflection of the signal was abrupt, remained steady, and disappeared instantly when the electrode was withdrawn from the cell (Fig. 1) .
RESULTS

The Effect of [K]o on the Membrane Potential
The membrane potential of excitable tissues is a function of l o g [ K ] 0 at values greater than 12 raM/liter, with a 52 to 58 my. slope for a tenfold change in the [K]0 (Hodgkin, 1951) . Fig. 2 illustrates that the myometrium obeys this relationship between membrane potential and log [K] 0 at values greater than 12 mM/liter. This observation is encouraging because it indicates that in the myometrial cell the membrane potential is maintained by a mechanism similar to that postulated for other excitable tissues; furthermore, this finding reflects the reliability of the method employed in the present studies (Fig. 2) . The fact that the membrane potential is a function of [K] 0 is in good agreement with the observation (Csapo, 1956 b) that the threshold of excitation of the uterus, like that of cross-striated muscle (Jenerick and Gerard, 1953) , is a function of [K] 0.
The EOect of Estrogen and Progesterone on the Membrane Potential
When the FSH (follicle-stimulating hormone) output of the hypophysis is low, as is the case in immature or postpartum rabbits, the estrogen production of the ovarian follicle is minimal. In these conditions of insufficient estrogen stimulation, the membrane potential of the myometrial cell is low (30 to 35 inv.). A daily dose of 25 gamma estradiol, intramuscularly, for I0 days in the immature rabbit, increases the membrane potential to a value of about 43 my. (Fig. 3 ). Four days' treatment with estrogen of the postpartum rabbit keeps the membrane potential at a value of about 43 my. The membrane potential falls rapidly to a value of 30 to 35 mv. after delivery if no estrogen treatment is employed. A more prolonged estrogen treatment of the immature animal, or an increase in dose, only produces a slight further increase in membrane potential. If, however, the immature rabbit is treated with progesterone in addition to estrogen, in 5 mg. daily doses intramuscularly for 2 to 5 days, the membrane potential increases further to a value of about 55 my. (Fig. 3) . In the postpartum rabbit progesterone treatment prevents the rapid fall in membrane potential and the membrane potential can be kept at a value of about 50 inv. for several days.
The El~ect of the Placenta on the Membrane Potential
In the third trimester of pregnancy the rabbit placenta is suspected of participating in hormone production. The different functional behavior of u t e r i n e p o r t i o n s a t a n d b e t w e e n p l a c e n t a l i m p l a n t a t i o n sites suggests] a " l o c a l " effect of t h e p l a c e n t a o n t h e m y o m e t r i u m ( C s a p o , 1956 c, 1959). From the 20th day of pregnancy onward, the membrane potential of the uterine muscle cells is not uniformly distributed along the length of the uterus, but is higher at the placental implantation sites than between these sites. Some hours before delivery (on the 30th or 31st day), the membrane potential at placental sites decreases, and there is a more uniform distribution of membrane potential at different portions of the uterine horn (Figs. 4-6 ).
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iv. FIGURE 4. T h e effect of the placenta on the m e m b r a n e potential of the uterus. T w o animals were used, one at the 25th, the other at the 31st day of pregnancy. Both strips contained placental as well as non-placental portions. T h e electrode was moved along the length of the uterus. Each point is the m e a n value of 3 to 5 successive measurements at the same uterine portion.
If, during the 20 to 25th days of pregnancy, the animal is treated with a daily dose of 5 rag. progesterone intramuscularly for 5 days, the m e m b r a n e potential at the interplacental sites can be raised to the level of the placental sites. This observation suggests that the differences in membrane potential, between placental and interplacental sites of the uterus, are due to a "local" progesterone effect of the placenta.
The onset of labor is characteristically preceded by a drop in m e m b r a n e potential at the placental implantation sites, and labor occurs with a more or less uniform membrane potential, of about 45 to 50 inv., along the length of the uterine horn (Figs. 4 and 6) . After delivery the membrane potential rapidly decreases (Fig. 6) . 
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FIOUR~ 5. The membrane potential of the pregnant uterus at and in between placental implantation sites. Five rabbits were used (20 to 26 days pregnant). One strip was removed from the uterus of each animal, containing both the placental and non-placental portions. Each portion was impaled successfully 8 to 10 times.
T h e Effect of "Ca-Deficiency" on the M e m b r a n e Potential
W h e n the estrogen-dominated uterus is treated with a Krebs solution containing no Ca, its membrane potential decreases to a low value of about 25 to 30 inv. within 10 minutes (Fig. 7) . This condition is reversed by restoring the normal [Ca] 0. The same treatment results in only a temporary drop in the membrane potential of the progesterone-dominated myometrium. About 15 minutes after treatment with Ca-free Krebs, the membrane potential has largely recovered in spite of Ca lack in the Krebs. 
D I S C U S S I O N
Measurements with flexible microelectrodes show that the myometrium, when insufficiently stimulated by estrogen, has a low membrane potential of only 30 to 35 mv. This value increases up to about 45 mv. under effective (endogenous or exogenous) estrogen stimulation. Progesterone treatment or pregnancy increases the membrane potential still further, up to 60 mv. The first question raised by these observations is: how well do these changes in membrane potential account for the functional behavior of the uterus under these endocrine conditions?
A correlation between membrane potential and excitability in a variety of tissues is strongly implicated, and is well demonstrated for the frog sartorius by the "threshold relation" (Jenerick and Gerard, 1953) . In this muscle, threshold is a log function of the membrane potential "excess," over a "critical" value (52 to 56 mv.). The estrogen-dominated uterus obeys the same relation (Csapo, 1956 b) , in fact more fully than frog muscle, in that its spontaneous activity increases when its excess potential is reduced gradually (by excess K); it develops maximum spontaneous activity at the critical potential (~ SO inv.) ; and goes into sustained contracture when its membrane potential is gradually lowered below the critical value.
Lowering the membrane potential decreases threshold, and increases excitability, spontaneous activity, and pharmacological reactivity, whereas an increase in membrane potential has the opposite effect. A reduction in membrane potential below the critical value, as in frog muscle, abolishes propagation, increases threshold, decreases excitability, and permits "local" responses only. If the membrane potential is greatly reduced, either by excess K or Ca lack in the Krebs, pharmacological reactivity ceases, in spite of intact contractility Coutinho and Csapo, 1959) .
The presently reported experiments show, however, that the correlation between membrane potential and function does not hold for all endocrine conditions of the uterus. The myometrium of the immature rabbit is set for a membrane potential value at which the (slightly depolarized) estrogendominated uterus exhibits maximum activity. In contrast to this behavior, the immature uterus has a high threshold, its excitability, conduction, spontaneous activity, and pharmacological reactivity are reduced, and the muscle has a tendency to contracture. This behavior corresponds to that of the estrogen-dominated myometrium when its potential is reduced below the critical value. These properties of the immature uterus may be explained by assuming that in this muscle the critical potential had increased above the membrane potential value.
The progesterone-dominated uterus at a membrane potential of ~ 60
inv., shows poor conduction, excitability, and spontaneous activity, and no pharmacological reactivity. An estrogen-dominated uterus whose membrane potential has been increased to this value (by lowering the [K] 0), does have a high threshold; nevertheless, it propagates and retains pharmacological reactivity. One may argue that the critical potential had increased above the membrane potential value (above 60 my.). But this proposition is not easily visualized since the critical potential, threshold, and the loss of propagation are only defined operationally, rather than explained in molecular terms. Thus the phrase "increase in critical potential" is only a form of expression, rather than explanation. What appears to be reasonably certain is that the relative lack of estrogen, or the dominance of progesterone, upsets the triggering process in such a way that a correlation between membrane potential and function can no longer be demonstrated. It is tempting to consider the membrane potential change under these conditions as a signal of drastic alterations in the triggering mechanism, rather than as a cause of these alterations.
If the large excess potential of frog muscle is reduced (by excess K) to the value of uterine smooth muscle, no spontaneous activity is recorded. If however, the membrane potential is lowered by treatment with Ca-deficient Ringer, smooth muscle-like spontaneous activity appears (B/ilbring et al., t956; Kernan and Csapo, 1957) . In these experiments, a correlation is indicated not between membrane potential and function, but between a change in muscle Ca (sarcoplasmic?) and function.
When the uterus is dominated by estrogen, repeated washing with Ca-free Krebs quickly abolishes normal excitability, whereas in the progesteronedominated uterus excitability decreases very slowly. In good agreement with these observations is the present finding that treatment with Ca-free Krebs drastically lowers the membrane potential in the estrogen-dominated uterus, whereas the uterus dominated by progesterone responds to the same treatment with only a transient drop in potential. It appears that under progesterone domination the myometrial cell either binds Ca more firmly, or more Ca has to be displaced before excitability is lost (Coutinho and .
These experiments suggest that effective triggering may depend on the stability of the Ca ion participating in the formation of excitable structures (see references in Brink, 1954, and Tobias, 1958) . Hormones may exert a regulating influence on the physical state of the Ca ion, signaled by a change in membrane potential, without a widely valid quantitative correlation between excitability and membrane potential.
The observation that the membrane potential at placental implantation sites is higher than between these sites, and also that the potential of the interplacental sites can be increased by progesterone treatment to the level of the placental sites, supports the suggestion that the placenta exerts a local progesterone effect on the myometrium which covers it.
Significant is the observation that the onset of labor is preceded by a drop in membrane potential, specifically at the placental implantation sites. Thus labor begins when the membrane potential becomes about 45 to 50 my., more or less uniformly along the length of the uterine horn. The uterus in this condition has a low threshold, and good propagation, excitability, spontaneous activity, and pharmacological reactivity. The high membrane potentials we have recorded in the progesterone-dominated uterus with microelectrodes do not correspond well with the low ratio _~I! measured by Hor- L~--A u vath (1954) , nor with the membrane potentials calculated for this muscle (Csapo, 1956 a, b, c) on the basis of Horvath's data.
The drop in membrane potential at the end of gestation, the uniformity (along the uterine horn) in threshold, propagation, excitability, spontaneous activity, and pharmacological reactivity, and the withdrawal of the progesterone "block" (Csapo, 1956 a, c) , all facilitate synchronous activity at different portions of the uterine horn thereby precipitating the delivery process.
